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Sixty Ecuadorian isolates of Phytophthora infestans from potato and 60 isolates from tomato were compared for dilocus allozyme genotype, mitochondrial DNA haplotype, mating type, and specific virulence on 11 potato R-gene differential plants and four tomato cultivars, two of which contained different Ph genes. Restriction fragment length polymorphism (RFLP) fingerprints of subsamples of isolates from each host were compared by using RG57 as the probe. All potato isolates had the allozyme genotype, haplotype, and mating type of the clonal lineage EC-1, which had been previously described in Ecuador. With the same markers, only one isolate from tomato was classified as EC-1; all others belonged to the globally distributed US-1 clonal lineage. RFLP fingerprints of isolate subsets corroborated this clonal lineage classification. Specific virulence on potato differentials was broadest among potato isolates, while specific virulence on tomato cultivars was broadest among tomato isolates. Some tomato isolates infected all tomato differentials but no potato differentials, indicating that specific virulence for the two hosts is probably controlled by different avirulence genes in P. infestans. In two separate experiments, the diameters of lesions caused by nine isolates from potato and 10 from tomato were compared on three tomato and three potato cultivars. All isolates produced larger lesions on the host from which they were isolated. No isolates were found that were highly aggressive on both tomato and potato. We conclude that there are two different populations of P. infestans in Ecuador and that they are separated by host.
The earliest reports on tomato late blight (6, 22, 24, 27) do not mention host specificity, and Berg (2) concluded that these early observers "believed that this fungus passed readily from potatoes to tomatoes." Specificity was subsequently described in a series of articles published during the first half of the twentieth century (2, 9, 23, 31) . At that time, there were no markers available to establish genetic similarity, and therefore these conclusions were based primarily on observations of epidemics in the field or crossinoculations in the laboratory.
The development of unambiguous genetic markers enabled researchers to characterize populations of Phytophthora infestans (Mont.) deBary on both hosts, but results have been inconsistent in different geographic regions. Many isolates attacking tomato and potato in some regions of the Netherlands (8) and in North America (15, 20) could not be distinguished by restriction fragment length polymorphism (RFLP) fingerprint, dilocus allozyme genotype, or mating type. Furthermore, many isolates collected from tomato in North America were highly aggressive on potato in a detached-leaf assay (20) . In contrast, the same genetic markers have shown that distinct genotypes are associated with each host in Brazil (4), northwestern Mexico (14) , the Philippines (18) , and one region of the Netherlands (8) .
Studying the population of P. infestans in North America, Legard et al. (20) concluded that pathogenic aggressiveness on tomato evolved from within the potato-aggressive populations. All tomato-aggressive genotypes were still aggressive on potato, so aggressiveness on tomato was not associated with any measurable loss in aggressiveness on potato. However, this model of evolution toward aggressiveness on tomato is not universally accepted. Turkensteen (29) argued that if genotypes of P. infestans were able to acquire equal aggressiveness on both hosts, they would rapidly replace those that are aggressive on only one host. Following this line of logic, one would not expect to see separate genotypes associated with each host, which, as noted above, is the case in several countries.
Both tomato and potato have major genes that confer complete or very high levels of resistance to P. infestans. They have been designated R genes in potato (3) and Ph genes in tomato (29) . Specific incompatibility caused by major genes for resistance and corresponding avirulence genes in the pathogen have been studied in association with host resistance (16, 30) , but the role of these major genes in host specificity has not been examined.
Host specificity has major consequences for disease management. For example, Legard et al. (20) concluded that potato farmers must initiate spraying if nearby tomato fields become infected. In a more general sense, if the same genotype of P. infestans can infect both hosts with equal aggressiveness, then integrated pest management efforts for both tomato and potato must be coordinated. If, however, genotypes from one host lack pathogenic aggressiveness on the other, farmers and integrated pest management specialists need not be concerned by epidemics on nearby alternative hosts.
In Ecuador, both tomato and potato are cultivated year round for commercial and subsistence purposes. Late blight of tomato and potato can occur at any stage of plant growth after emergence because of the continuous presence of inoculum and favorable conditions. Potato and tomato are not generally grown in immediately adjacent areas, but production zones for the two crops can be within kilometers of each other and are sometimes contiguous. Occasionally, we have seen potato and tomato grown on the same farm and on rare occasions in the same field.
This study was initiated to address two questions about the host specificity of P. infestans in Ecuador: (i) whether or not tomatoes and potatoes are attacked by the same population of P. infestans; and (ii) whether or not specific virulence plays a role in determining host specificity in this system.
MATERIALS AND METHODS
Isolates. Forty-one potato isolates, which had been collected in 1993 as part of another study (7) , were used. Nineteen additional isolates were collected from potato plants from the center, northcentral, and northern parts of Ecuador between November 1994 and February 1995 (Table 1 ). In the center of the country, potato isolates were collected near the towns of Riobamba and Pallatanga. In the north-central part, they were collected around the capital city of Quito and near the town of Alchichipa. In the north, isolates were collected near the town of San Gabriel.
Tomato isolates were collected principally near the towns of Pallatanga in central Ecuador, Alchichipa in north-central Ecuador, and in the valley of El Chota in northern Ecuador (Table 1) . Pallatanga is approximately 50 km from potato-production areas near the city of Riobamba, Alchichipa is approximately 50 km from potato production near Quito, and El Chota is approximately 40 km from potato production in the village of San Gabriel. Although Pallatanga and Alchichipa are not principal potato-production zones, some potatoes are grown in these areas, and on two separate occasions, potato and tomato isolates were collected near these villages on the same day (Table 1) . For potato and tomato isolates collected after 1993, a strict sampling scheme was not followed within collection sites, but isolates were taken from different fields when possible (Table 1) . Some tomato isolates (fewer than five) were taken from infected fruits, but the exact number was not recorded.
Isolation and maintenance of the pathogen. P. infestans was isolated from potato leaves as described previously (7). P. infestans from tomato grew poorly on tuber slices and was therefore isolated by placing 1-cm 2 pieces of infected tissue on rye B agar (5) amended with antibiotics (vancomycin, 100 mg/liter; polymixin B, 500 mg/liter; ampicillin, 200 mg/liter; and rifampicin, 20 mg/liter) and fungicides (pentachloronitrobenzene, 75% WP, 67 mg/liter; and benlate, 100 mg/liter). This procedure worked only moderately well, and it was necessary to keep each isolate alive on tomato leaves until it was obtained in pure culture.
DNA fingerprinting. The RFLP fingerprints of 11 randomly selected isolates from tomato and 13 randomly selected isolates from potato collected after 1993 were analyzed with the moderately repetitive probe RG57 (11) . Cultures were grown on pea broth at 18°C in the dark. After 10 days, the fungal tissue was harvested, frozen at −80°C for several hours, and then lyophilized. Lyophilized tissue was ground in a microcentrifuge tube with a metal rod. DNA was extracted from the powdered mycelium as described previously (14) . Gel electrophoresis, hybridization with 32 P random-primed probe RG57 (11) , and autoradiography were all performed according to standard techniques (21) . Techniques for RFLP fingerprinting of 1993 potato isolates were described previously (7) .
Allozyme markers. Isolates were cultivated in a still culture of pea broth (12) or on rye B agar for 7 days at 18°C. Mycelium grown on agar was harvested by scraping the agar surface with a scalpel. Protein was extracted from fresh mycelium as described by Goodwin et al. (10) . Buffer systems, gel concentrations, current specifications, and staining procedures for electrophoretic analyses of glucose-6-phosphate isomerase (Gpi) and peptidase (Pep) were as previously described (10) . Allozyme alleles are reported in migration distances relative to a commonly used control, which has arbitrarily been given a value of 100.
Specific virulence. All isolates were tested on 11 potato differential plants, each containing one of 11 known major genes for resistance (R genes R1 to R11), and on four tomato cultivars: FMX-93, New Yorker, Pieraline, and Pieralbo. Tomato differentials were supplied by G. W. Griffith (University of Wales, Bangor), and their major gene status was putatively considered to be as follows: FMX-93 and Pieralbo, free of major genes; New Yorker, Ph1; and Pieraline, Ph2 (G. W. Griffith, personal com- a The nearest city or town, except for El Chota, which is a valley in northern Ecuador. b Collection dates. Isolates collected during 1993 were part of an earlier study (7) . The first number in each column is the number of isolates, and the number of fields sampled is in parentheses. c On 25 November 1994, one isolate from potato and two from tomato were collected near the village of Pallatanga. The remaining 12 isolates from tomato were collected in Pallatanga during February 1995. d Six isolates from potato and six from tomato were collected on 7 November 1995 in the village of Alchichipa. The remaining 11 tomato isolates were collected on the same day in the neighboring villages of Perucho and Puellaro. munication). Potato differentials were supplied by L. Turkensteen (IPO, Wageningen, Netherlands) and are currently maintained by the International Potato Center, Lima, Peru. The Peruvian potato cultivars Yungay and Chata Blanca were used as R gene-free controls.
Potato differentials were grown in a screenhouse where day length was extended to 16 h with halogen and incandescent lamps, because some of the differentials do not grow well under conditions of short days. Tomato differentials were grown in a glasshouse with 12 h of natural light per day. Inoculum preparation, inoculation, incubation, and scoring of specific virulence were all done as described previously (7).
Aggressiveness. The pathogenic aggressiveness of 17 isolates of P. infestans, 10 from tomato and seven from potato, was tested in two separate detached-leaf assays. Potato cultivars Uvilla, Bolona, and Yema de Huevo were used in the first assay and Chata Blanca, Cruza 148, and Yungay in the second. Tomato cultivars Flora Dade, FMX-93, and Pieralbo were used in the first assay and Flora Dade, FMX-93, and Heat in the second. Inoculum preparation was as described previously (7).
For both assays, fully expanded leaflets were chosen from plants between 6 weeks old and initiation of flowering grown as described above. Tomato leaves were sometimes used after flower initiation, but flower buds were removed. Leaflets were placed in petri dishes as previously described (7) and inoculated by placing one 10-µl drop of inoculum on each side of the midrib of each leaflet, thus producing two lesions per leaflet. Petri dishes were incubated at 15 ± 2°C with 14 h of fluorescent light per day. After 6 days of incubation, lesion diameter was measured with a ruler parallel to the leaflet midrib. Lesion growth was generally restricted by the width of the leaflet in the dimension perpendicular to the midrib, but lesion expansion continued parallel to the midrib throughout the duration of the assay.
Each host genotype-isolate combination was represented by eight lesions on four leaflets distributed randomly in two petri dishes. For the first assay, which included seven potato and seven tomato isolates, the interaction between isolate origin (potato or tomato) and inoculated host species (potato or tomato) was statistically tested in an analysis of variance. The experimental unit for this analysis was the average diameter of the four lesions in each petri dish. Therefore, there were two data values for each host genotype-isolate combination. Since these values are really subsamples of each combination, they were considered pseudoreplicates (17) . The variance among pseudoreplicates was not used in tests of statistical significance. The model used for the analysis of variance was
in which LD = lesion diameter, u = the overall mean, a = origin of isolate (tomato or potato), b = host species (tomato or potato), c = isolate nested in origin, d = plant nested in host species, and e = the residual error. The interaction effect c*d(a*b) was used as the denominator in the F test of the interaction a*b, which was the primary interest of this test.
The second aggressiveness assay was used to compare isolate 1916 from tomato with two other isolates from tomato and two isolates from potato. The objective of this assay was to determine whether the aggressiveness pattern of isolate 1916 was more like that of potato or tomato genotypes. Summary results are presented in tabular form.
Sensitivity to metalaxyl. Forty-three isolates from tomato and 59 from potato grown at 18°C in the dark on 10% V8 juice agar amended with 0, 5, and 100 µg of metalaxyl per ml were assessed. On the basis of radial growth, sensitivity of the isolates was classified as susceptible (growth less than 40% of control with 5 and 100 µg of metalaxyl per ml), intermediate (growth greater than or equal to 40% of control with 5 µg of metalaxyl per ml but less than 40% of control with 100 µg/ml), or resistant (growth 40% or more of control with 100 µg of metalaxyl per ml).
Mating type. Mating type was determined by pairing all test isolates with others of known A1 and A2 mating type on clarified rye A agar (5). The presence or absence of oospores was recorded after 15 days.
Mitochondrial haplotype. After DNA extraction (10), mitochondrial haplotype was determined by using primers and procedures developed and provided by G. W. Griffith. These primers identify four haplotypes: IA and IB, which represent "old" genotypes, as defined by Spielman et al. (25) , and IIA and IIB, which represent "new" genotypes according to the same classification. Pieralbo were considered free of Ph genes at the onset of the study. NI = no infection on any differential.
RESULTS
Genetic description of P. infestans in Ecuador. All potato isolates collected after 1993 had the dilocus allozyme genotype of the clonal lineage EC-1, as described previously (7) for isolates collected during 1993 (Table 2 ). EC-1 was shown to be the dominant clonal lineage on potato in Ecuador in 1993, and on the basis of our limited sample of 19 isolates, we conclude that no change has occurred. The Pep genotype 100/100 is characteristic of EC-1, but as in the earlier study (7), a few bands were unusually large. This may indicate the Pep 96/100 genotype, which is difficult to distinguish from the 100/100 genotype on potato starch gels. We prefer to describe all isolates as 100/100 until more precise electrophoretic techniques can be used to confirm the presence of the 96 allele in the EC-1 clonal lineage.
RFLP fingerprints of a subsample of 13 potato isolates collected after 1993 also corresponded to the EC-1 clonal lineage. In an earlier study (7), band 10 was missing in one of 17 isolates that were fingerprinted. We found that the same band was missing in one of 13 isolates that were fingerprinted. As in the earlier study, the one isolate for which band 10 was missing was identical to the other EC-1 isolates for all other markers, and therefore we conclude that the missing band represents polymorphism that has arisen within the clonal lineage. All potato isolates were A1 mating type, also characteristic of the EC-1 clonal lineage (7), and had the IIA mitochondrial haplotype, which now serves as an additional genetic characteristic of the clonal lineage.
All isolates but one collected from tomato had the allozyme genotype 86/100 and 92/100 for Gpi and Pep, respectively, which is characteristic of the globally distributed clonal lineage US-1 (10) . All tomato isolates with this dilocus allozyme genotype were IB mitochondrial haplotype and A1 mating type, also characteristic of US-1. Eight of the 11 tomato isolates that were fingerprinted in this study had the US-1 RFLP genotype (10) . Two were similar but lacked band 9, and one isolate lacked both bands 9 and 7. Isolates lacking RFLP bands were identical to US-1 for other markers and are assumed to represent polymorphism that has developed within the clonal lineage. One isolate from tomato had the same allozyme genotype and mitochondrial haplotype as the EC-1 isolates from potato.
Specific virulence. The specific virulence patterns of potato and tomato populations of P. infestans differed greatly. Isolates were generally highly virulent on their respective host differentials but not on the alternative host differentials (Table 3) . In several cases, isolates from one host did not infect any of the other host differentials, even those free of known major genes.
Two race-specific genes in tomato, Ph1 and Ph2, were reported previously (16, 20, 29) , but our data indicate that there is at least one additional race-specific gene in the four cultivars we used, although this gene was detectable only with EC-1 genotypes. Pieralbo, reportedly a major-gene-free isoline of the Ph2 differential Pieraline (19) , should have behaved in a manner similar to that of FMX-93, also putatively free of major genes. However, some EC-1 isolates infected FMX-93 but not Pieralbo. The only tomato isolate that reacted this way was the one belonging to EC-1. All other tomato isolates (US-1) reacted equally to FMX-93 and Pieralbo (Table 3) .
The one isolate from tomato belonging to EC-1 also reacted more like potato isolates in that it had an incompatible reaction on tomato cultivar New Yorker (Table 3 ). The universal incompatibility of potato isolates on New Yorker contrasted with a high degree of compatibility on this cultivar among tomato isolates. Only three of 59 US-1 isolates were incompatible on New Yorker. Table 5 ). c Based on variance among petri dishes, which are pseudoreplications of the experiment.
No clear relationship among tomato and potato avirulence genes in P. infestans could be deduced from our results. Isolates that were avirulent on all potato differentials were virulent on some or even all tomato differentials (Table 3) . Therefore, all avirulence genes for tomato expressed in this study appear to be independent of avirulence genes that interact with known potato R genes. None of the isolates from tomato or potato infected the potato differential for R5.
Pathogenic aggressiveness. In the first assay, we found a very clear pattern of pathogenic aggressiveness; isolates caused larger lesions on their respective host than on their alternative host. This resulted in a statistically significant interaction between origin of isolate (tomato or potato) and host (Table 4) , which was clearly visible when mean lesion diameter values were examined (see row and column means in Table 5 ).
The general interaction measured in the analysis of variance ( Table 4) was true for virtually all isolate × cultivar interactions (Table 5 ). There were no cases in which isolates were highly aggressive on their alternative host. However, tomato isolate 1642 was weakly aggressive on all tomato cultivars, and in a couple of cases, potato isolates caused lesions on tomato as large as those caused by isolate 1642. Some potato isolates were virulent on tomato cultivar Pieralbo (Table 5) , so this cultivar was eliminated from the analysis of variance (Table 4 ).
In the second assay, isolate 1916 (EC-1), which was collected from tomato, was more aggressive on potato than on tomato and less aggressive on tomato than the US-1 isolates (Table 6 ). Isolates from potato caused lesions about twice as long on their host as on their alternative host. Isolates from tomato caused lesions about 2.7 times as long on their host as on their alternative host. This was caused, in part, by the lack of infection by tomato isolates on potato cultivar Cruza 148, which is highly resistant to P. infestans in the field. Since none of the tomato isolates infected Cruza 148, it is not known whether this represents a very high level of quantitative resistance or the response of this cultivar to a previously unidentified avirulence allele in these tomato isolates.
In the second assay, we examined symptoms and noticed that EC-1 genotypes (including 1916) caused deep brown necrosis in all three tomato cultivars and sporulation occurred only on necrotic areas. In contrast, lesions caused by US-1 genotypes had no distinct margins, and sporulation was profuse on green tissue. Determining the limits of sporulation, which was used in determining lesion diameter, sometimes required examination with a stereoscope.
Sensitivity to metalaxyl. There was a marked and statistically significant difference in the three levels of sensitivity to metalaxyl between tomato and potato isolates (Table 7) . More than half the isolates tested from potato (30 of 59) were resistant to metalaxyl, but only three of 43 isolates from tomato were classified as resistant. In contrast, only five of 59 isolates from potato were intermediately resistant, while 23 of 43 from tomato were intermediate. In general, isolates from potato are more resistant than isolates from tomato. We do not have fungicide-usage data for the two crops to compare with these results.
DISCUSSION
All our data, with the exception of those for one isolate discussed below, indicate that the two populations of P. infestans attacking potato and tomato in Ecuador are different. All isolates collected from potato for this study belong to the EC-1 clonal lineage as described previously (7). All but one of 60 isolates from tomato belong to the globally distributed US-1 clonal lineage (10) . The one variant had the same dilocus allozyme genotype as EC-1 and a virulence pattern similar to that of other EC-1 isolates, and therefore we assume that it belongs to that clonal lineage.
An earlier study in Ecuador indicated that a small percentage of isolates collected between 1990 and 1993 from potato were US-1 (7). We believe that this earlier finding is not inconsistent with the hypothesis of host specificity for the following reasons. The authors in the earlier study hypothesized that EC-1 had been introduced into Ecuador within the last two decades and that it was replacing US-1 on potato. Therefore, they considered EC-1 to have greater fitness than US-1 on potato. They also hypothesized that prior to the introduction of EC-1, US-1 had been the dominant clonal lineage on potato in Ecuador. This theory was based on an analysis of specific virulence done during the 1970s in Ecuador (1) and on other studies that demonstrated that US-1 was dominant on potato in Peru during the 1980s (10, 28) . The present study demonstrates that while EC-1 is replacing US-1 on potato, it is not replacing US-1 on tomato. Whether host specificity existed within the US-1 clonal lineage before the introduction of EC-1 remains unclear.
The situation in Ecuador is similar to that in Brazil, where US-1 (A1 mating type) has been found exclusively on tomato (10) and an A2 genotype exclusively on potato (4) . At the time that sampling was done in Brazil, there was no evidence for recombination between the two mating types (4). On the basis of a limited sample from the area of Rionegro near Medellin, Colombia, we have also determined that EC-1 is primarily associated with potato and US-1 with tomato in that country (G. Forbes, unpublished data). In contrast to our results, a recent study found that some genotypes in North America are equally aggressive on potato and tomato (20) . We found no isolates that were highly aggressive on both hosts. Furthermore, the fact that separate genotypes have been found in association with both hosts in several parts of the world would seem to argue against the presence of dually aggressive genotypes in these regions. Dually aggressive genotypes could be particularly destructive in developing countries where both tomato and potato are grown year round in the same geographic regions. Many such areas currently exist in the highland tropics of Africa, Asia, and South America.
Host specificity has important implications for disease management. If the same population of the pathogen attacks both hosts, then farmers, extension workers, and researchers who were formerly concerned with only one host now need to coordinate efforts. Our data suggest that this situation has not yet occurred in Ecuador nor in several other parts of South America, as discussed above.
Isolate 1916, the one EC-1 isolate collected from tomato, probably represents a weakly pathogenic isolate found by chance. This hypothesis is supported principally by three observations: (i) no other EC-1 isolates were collected from tomato in any part of Ecuador; (ii) three other isolates collected from the same field were US-1; and (iii) isolate 1916 was more aggressive on potato than on tomato and less aggressive on tomato than US-1 genotypes in a detached-leaf test (Table 6 ). Nonetheless, populations of P. infestans on potato and tomato should be monitored in the future for the presence of genotypes that attack both hosts with equal aggressiveness.
In countries such as Ecuador where US-1 is found principally on tomato, changes in the genetic structure of the pathogen population may be effectively and efficiently detected with a simple assay for Gpi genotype. The Gpi 86/100 genotype is rare outside Mexico, except in the US-1 clonal lineage (10, 25) . The 86/100 banding pattern can be detected from field-collected lesions by using a cellulose acetate assay, which takes less than 1 h (13). Therefore, a large number of isolates can be rapidly screened for the presence (tomato) or absence (potato) of the 86/100 genotype. Only deviations from expected patterns would need be assessed with more expensive and laborious markers.
The second objective of our study was to elucidate the role of specific virulence in host specificity. Our data suggest that specific virulence is not a primary causal factor but may be related to host specificity and should be considered in future research directed at this problem. We found, for example, that potato isolates did not infect the tomato cultivar New Yorker, which carries major gene Ph1 (Table 3) , while most tomato isolates did infect New Yorker. Solely on the basis of this virulence test, the existence of an avirulence gene for Ph1, which is costly for the pathogen to lose, would be a simple explanation for the fact that pathogenic aggressiveness on tomato has not yet evolved within EC-1. Nonetheless, the role of Ph1 as the sole determinant of host specificity is not supported by all of our data nor by circumstantial evidence.
For example, if Ph1 were the main determinant of host specificity in Ecuador, we would expect to find it in all or most tomato cultivars in Ecuador. In fact, Ph1 is uncommon in commercial tomato cultivars (H. Judelson and L. Black, personal communication) and therefore is probably not present in most of the tomato cultivars we sampled. Furthermore, avirulence to Ph1 does not appear to be a common feature of potato isolates. Many potato isolates in North America do infect Ph1 (16). It is not known, however, whether these isolates are among those that are equally aggressive on both potato and tomato.
Our study also leads to another observation regarding specific virulence. Apparently, P. infestans has different avirulence genes for potato and tomato, at least among those that can be identified with existing differential cultivars of both hosts. We found that several isolates that possess all known avirulence genes for potato infected all four tomato differentials (Table 3) . Apparently, avirulence genes for potato do not elicit a hypersensitive response in tomato. Similarly, several isolates that did not infect any tomato differentials were highly virulent on potato (Table 3) . Our hypothesis is supported by another study (26) , which found that virulence to Ph1 was independent of virulence to potato genes R1 to R4.
None of the isolates tested infected potato differential R5. In an earlier study (7) , in which the same set of differential plants was used, virulence on R5 was found in two of 108 isolates tested, indicating that virulence for this major gene does exist in Ecuador at a low frequency.
In contrast to specific virulence, pathogenic aggressiveness appears to explain the host specificity we encountered in Ecuador. All isolates of P. infestans tested in the two detached-leaf assays infected both hosts, but infection was always more severe on the original host. The hypothesis that quantitative aggressiveness determines host specificity is consistent with earlier studies (2, 29) and explains why genotypes of P. infestans may be found on their alternative hosts in nature.
